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(57) ABSTRACT 
Optical sensors, and methods for operating optical sensors, 
are disclosed. One such sensor may include: a reflector posi-
tioned a distance from a reflective diffraction grating and a 
light source for providing light. A first portion of the light can 
be reflected from the reflective diffraction grating and a sec-
ond portion of the light passes through the grating to the 
reflector and is reflected back through the diffraction grating. 
The sensor may further include a detector for sensing an 
intensity oflight in an interference pattern formed by the first 
portion of the light reflected from the diffraction grating and 
the second portion of the light reflected from the reflector. The 
sensor includes a controller configured to modulate an emis-
sion of the light. 
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DISPLACEMENT SENSOR EMPLOYING 
DISCRETE LIGHT PULSE DETECTION 
CROSS-REFERENCE TO RELATED 
APPLICATIONS 
2 
Although semiconductor laser diodes are known to be 
more power efficient in comparison to, for example, a stabi-
lized laser such as a Helium-Neon (HeNe) laser, semiconduc-
tor lasers have not been favored in high-sensitivity optical 
detection devices such as displacement sensors because of 
their thermal instability, low coherence length, and high laser 
intensity noise. This application claims priority to and benefit ofU.S. Pro-
visional Patent Application entitled "OPTICAL INTER-
FEROMETRIC SENSORS WITH LOW POWER CON-
SUMPTION AND LOW NOISE," assigned Ser. No. 60/634, 
324, and filed on Dec. 8, 2004, which is incorporated by 
reference in its entirety. 
Additionally, the photo-detectors used for measuring the 
reflected and diffracted light from the grating and reflector 
10 can also introduce undesirable noise into the resulting sensor 
output. 
STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 
Accordingly, systems and methods are needed for reducing 
the power consumption of high-sensitivity optical sensors. 
Additionally, systems and methods are needed for reducing 
15 the effect of thermal instability and/or noise associated with 
sensors using semiconductor laser diodes and detection elec-
tronics. The U.S. Govermnent may have a paid-up license in this 
invention and the right in limited circumstances to require the 
patent owner to license to others on reasonable terms as 
provided for by the terms of Contract No. DAAD19-00-l- 20 
0174, awarded by DARPA through the Army Research Labo-
ratory. 
SUMMARY 
Optical sensors, and methods for operating optical sensors, 
are disclosed. The sensors and methods provide for reduced 
power operation and/or reduced signal noise in comparison to 
conventional sensors. 
BACKGROUND 
25 
One embodiment of a sensor, among others, includes a 
reflector, a light source, a reflector, a detector, and a control-
ler. The reflector may be positioned a distance from a reflec-
tive diffraction grating. The light source can provide light, a 
first portion of the light being reflected from the reflective 
1. Technical Field 
The present disclosure generally relates to optical sensors, 
and more specifically, to interferometric optical sensors using 
a modulated emission oflight for displacement measurement. 
2. Description of the Related Art 
Hearing aids, among a number of other electronic devices, 
provide specific applications in which miniature displace-
ment measurement devices may be used. Tiny microphone 
arrays are currently housed in hearing aids to pick up slight 
acoustic pressures. Conventional microphones such as those 
used inhearing aids measure a change in capacitance between 
two conducting plates, one of which (the microphone dia-
phragm) moves as a function of the acoustic pressure applied. 
However, other types of miniature displacement measure-
ment devices have been proposed that use optical detection 
such as anomalous diffraction or interferometry. 
30 
diffraction grating and a second portion of the light passing 
through the grating to the reflector and being reflected back 
through the diffraction grating. The detector can sense an 
intensity oflight in an interference pattern formed by the first 
portion of the light reflected from the diffraction grating and 
35 
the second portion of the light reflected from the reflector. The 
controller can be configured to modulate an emission of the 
light. 
An embodiment of a method, among others, for operating 
a sensor includes the step of modulating a light emission over 
40 
a duration of time at a modulation frequency. A first portion of 
the emission oflight can be reflected from a reflective diffrac-
tion grating and a second portion of the light can pass through 
the grating to a reflector and then reflected back through the 
diffraction grating. 
For example, exemplary methods and devices for anoma-
lous diffraction are described in the journal article "Laterally 
Deformable Nanomechanical Zeroth-Order Gratings: 45 
Anomalous Diffraction Studied by Rigorous Coupled-Wave 
Analysis" by Carr D W, Sullivan JP, Friedmann TA, OPTICS 
LETTERS 28 (18): 1636-1638, September 2003, which is 
hereby incorporated by reference in its entirety. Optical inter-
ferometry, on the other hand, refers to the splitting andrecom- 50 
bining of electromagnetic waves, in particular, light waves, to 
measure surface geometries, distance, etc. Micro-machinery 
is a growing technology field that often utilizes interferom-
eters because they typically have high resolution and preci-
sion. In general, displacement measurements in the sub-na- 55 
nometer range can be detected with today's interferometers. 
U.S. Pat. No. 6,567,572 and U.S. patent application Ser. 
No. 10/704,932 to Degertekin, et al. disclose a number of 
displacement sensor embodiments generally comprising a 
reflector and a diffraction grating spaced a distance from the 60 
reflector. The devices can be used measure the displacement 
of the reflector from the diffraction grating. However, actual 
implementation of the displacement sensors in portable 
devices, such as hearing aids, has been hampered by the 
power use of these sensors. In particular, the power used to 65 
illuminate the light source can quickly discharge the batteries 
typically used in hearing aids. 
Another embodiment of an electronic device includes a 
sensor for measuring a displacement distance of an integrated 
reflective mechanical structure. The sensor can include 
means for pulsing an emission oflight over a duration of time 
at a pulse frequency. A first portion of the emission of light 
can be reflected from a reflective diffraction grating and a 
second portion of the light can pass through the grating to the 
integrated reflective mechanical structure and reflected back 
through the diffraction grating. 
Other systems, methods, features and/or advantages will 
be or may become apparent to one with skill in the art upon 
examination of the following drawings and detailed descrip-
tion. It is intended that all such additional systems, methods, 
features and/or advantages be included within this descrip-
tion and be protected by the accompanying claims. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The components in the drawings are not necessarily to 
scale relative to each other. Like reference numerals designate 
corresponding parts throughout the several views. 
FIG. 1 depicts a simplified diagram of an optical sensor 
illustrating the concept of using a diffraction grating to split 
beams in a microinterferometer. 
US 7,485,847 B2 
3 
FIG. 2 depicts an optical sensor of FIG. 1, except having a 
different distance between the diffraction grating and the 
reflector. 
FIG. 3 is a graph illustrating the distribution of reflected 
light measured on an observation plane with various gap 
thicknesses utilizing the sensors illustrated in FIGS. 1 and 2. 
FIG. 4 is a graph illustrating the normalized intensity of the 
O'h and 1st diffraction orders versus gap thickness utilizing the 
sensor concepts illustrated in FIGS. 1and2. 
FIG. 5 depicts a cut-away, side view of an embodiment of 
a micro-displacement sensor in accordance with the present 
disclosure. 
FIG. 6 depicts a graph of an exemplary light source drive 
signal that can be provided over a period of time to pulse the 
light source of the sensor of FIG. 5. 
FIG. 7 depicts a graph of the displacement of a membrane 
over the period of time depicted in FIG. 6. 
FIG. 8 depicts a graphical representation of the output of a 
photo-detector, subjected to light output from a light source 
driven by the pulsed light source drive signal of FIG. 6, over 
the same time period. 
FIG. 9 depicts another graphical representation of exem-
plary signals measured at the output of a photo-detector in a 
first, continuous-wave mode and in a second, pulsed mode. 
FIG. 10 depicts a block diagram of an embodiment of the 
processing circuitry of FIG. 5 comprising a coherent (syn-
chronous) detector. 
FIG. 11 depicts a block diagram of another embodiment of 
the processing circuitry of FIG. 5 comprising anAM demodu-
lator having envelope detection. 
FIG. 12 depicts a schematic diagram of an embodiment of 
anAM demodulator of FIG. 11 comprising a high pass filter 
and an envelope detector to reduce low frequency noise. 
FIG. 13 depicts a flow diagram representing an embodi-
ment of a process for low-power and/or low-noise operation 
of an optical sensor, such as the sensor depicted in FIG. 5. 
FIG. 14 depicts a flow diagram representing an embodi-
ment of a process for processing output signals detected dur-
ing the detection step of the process of FIG. 13, the process 
representing a coherent detection method. 
FIG. 15 depicts a flow diagram representing another 
embodiment of a process for processing output signals 
detected during the detection step of the process of FIG. 13, 
the process representing an AM demodulation method using 
envelope detection. 
DETAILED DESCRIPTION 
Embodiments of devices and associated methods for dis-
placement sensing using optical interferometric techniques 
are disclosed. More specifically, the present disclosure relates 
to miniature devices for accurately measuring the movement 
of a mechanical device, such as a flexible membrane that is 
affected by a number of possible external excitations, such as 
acoustic pressure, a chemical reaction, acceleration, vibra-
tion, and/or other physical forces. 
4 
pulsed light source could be, for example, pulsed on and off 
(e.g. by powering the light source on and off). According to 
some embodiments, the modulation could also be provided 
by causing the light source to emit any other varied light 
intensity emission at the modulation frequency (e.g. by alter-
nating an amount of power to the light source). The latter may 
also be referred to herein as a pulsed light source. 
According to some embodiments (e.g. those that use a 
high-speed, pulsed light source for providing the modulated 
10 light emission), the light source could be a semiconductor 
laser diode, such as a Vertical Cavity Surface Emitting Laser 
(VSCEL). A modulated light source, such as a pulsed light 
source or any other light source that can be controlled to 
provided a varied light emission intensity, can be used to 
15 reduce the effects of thermal instability by reducing heat 
buildup in comparison to laser diodes that are operated at a 
single high intensity. This modulated operation is especially 
attractive when used with semiconductor laser diodes, which 
are often associated with these thermal instability issues. 
20 Disclosed signal processing devices and methods can be used 
to further reduce the low frequency noise induced by the 
detection system. 
Yet another potential advantage of using a modulated light 
source may be the reduction of the effect of shot noise at the 
25 photo-detector output. In a shot noise limited system, the 
signal-to-noise ratio is proportional to the square root of the 
laser source intensity. Thus, the signal-to-noise ratio can be 
high when a light source such as a VCSEL is turned on with 
2 mW of power. With a selected duty cycle of a fraction of the 
30 continuous operation, and sampling the output signal at those 
instances, a high signal to noise ratio may be obtained with 
low average power consumption. 
Although embodiments described herein may be described 
as providing such a modulated light emission by varying, or 
35 otherwise pulsing, the power provided to the light source, 
according to some embodiments the modulated light emis-
sion could also be provided by an intermittent mechanical 
(i.e. physical) obstruction between the light source and an 
associated photo-detector. For example, the obstruction could 
40 provide a light emission having a constant (non-modulated) 
intensity, while an opaque, reflective, and/ or semi-transparent 
obstruction intermittently obscures at least a portion of the 
emission oflight at the modulation frequency. Other methods 
well-known in the art, such as acousto-optic modulators, may 
45 also be used for providing the modulated light emission. 
The systems and methods of the present disclosure are 
amenable to integration of electronics and optics to form 
compact displacement detectors for a single membrane or 
membranes fabricated in the form of arrays. Typical applica-
50 tions of the present disclosure would be in, for instance, but 
not limited to, microphones (micro-machined or not), micro-
machined ultrasonic transducers, micro-machined ultrasonic 
wave generators, micro-machined ultrasonic image applica-
tions, pressure sensors, accelerometers, vibration sensors, 
55 seismographs, and hearing aids. The present disclosure 
would also be useful in any sensing application where the 
position of a reflector or membrane is changed due to a 
chemical or physical process and this displacement needs to 
be measured accurately in a broad frequency range. Further-
According to the present disclosure, such devices and 
methods can use a modulated emission of light for reducing 
power consumption of an associated light source and/or for 
reducing associated signal noise associated with conven-
tional optical sensors. The modulated emission of light, 
which may also be referred to as a modulated light emission, 
can be varied at a modulation frequency. For example, 
according to one embodiment, the modulated emission of 
light can be provided by a pulsed light source, which could 65 
comprise emitting light at a first high intensity and a second 
lower relative intensity at the modulation frequency. Such a 
60 more, the present disclosure would also be useful in any 
sensing application where the reflectivity of a reflector or a 
membrane is changed due to a chemical or physical process 
and this change needs to be measured accurately in a broad 
frequency range. 
Referring now in more detail to the drawings, FIGS. 1 and 
2 illustrate the concept of using a diffraction grating to split 
beams in a microinterferometer. Such a concept has been 
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When the first portion of the incident light joins with the 
second portion of the incident light upon reflection, destruc-
tive interference cancels out the two. The second portion of 
the light travels an extra distance of 2x the distance between 
utilized in measuring precise relative displacements, such as 
for the measurement of Atomic Force Microscopy (AFM) tip 
displacement and in spatial light modulators, as in the grating 
light valves (GLV). This concept is also disclosed in U.S. Pat. 
No. 6,567,572 entitled "Optical Displacement Sensor" to F. 
L. Degertekin, et al. and pending U.S. patent application Ser. 
No. 10/704,932 to Degertekin, eta!., eachofwhicharehereby 
incorporated by reference in their entirety. Each of these 
references provide a number of exemplary sensor structures 
which could be used in conjunction with the systems and 
methods of the present disclosure. FIGS. 1-4 disclose the 
general principles of these sensor structures. 
5 the target surface 102 and the diffraction grating 106, which 
results in a phase difference between the two portions of it, 
complete destructive interference. On the contrary though, 
the higher order diffraction fields, such as the first order, can 
constructively interfere with the first portion of the incident 
10 light. 
Having described an example of using a diffraction grating 
to split light beams and therefore measure relative distance, 
theoretical calculations will be utilized to show the results of 
using the device described in FIGS. 1 and/or 2. An incident 
The diagrams of FIGS. 1 and 2 illustrate two scenarios. A 
first scenario 100 depicts a reflective target surface 102 of a 
mechanical element 104 placed a distance of a half-wave-
length, A/2, away from a reference point, in this case, a reflec-
tive diffraction grating 106. The mechanical element 104 may 
be, for example, a flexible membrane or a moveable beam. 
The target surface 102 may comprise a reflector formed from 
any number of optically reflective materials. 
15 light ofA.=632 nm can be illuminated through the transparent 
substrate 108 onto the reflective diffraction grating 106. A 
light source, such as a laser (not shown), can be utilized to 
provide the incident light. Suppose the diffraction grating 106 
contains 10 diffraction grating fingers 110 equally spaced at 
20 dg =2 µm. FIG. 3 is a graph 300 illustrating the distribution of 
reflected light measured on an observation plane with various 
gap thicknesses utilizing the devices illustrated in FIGS. 1 
and 2. Hereinafter, the distance between a reference point (in 
this case the diffraction grating 106) and the target surface 
A second scenario 200 of FIG. 2 depicts target surface 102 
being positioned a distance of a quarter-wavelength, A./4, 
away from the diffraction grating 106. The detailed diffrac-
tion pattern of such a structure can be found by applying 
standard diffraction theory to determine the locations and the 
dimensions of the photo-detectors or light guide apertures. 
For at least the reason that the distance between the interfer-
ence generating reflective target surface and diffraction grat-
ing are generally quite small, the low coherence length of 
conventional VSCEL diodes do not hinder their use in the 30 
25 102 will be referred to as the gap thickness and can be con-
sidered the absolute distance between the target surface 102 
and the reference point. 
disclosed embodiments. 
FIG. 3 includes three graphs 300, 302, and 304 depicting 
the normalized intensity ofreflected light 306 (y axis) versus 
an observation length 308 (x axis) associated with three sce-
narios, as measured by a photo-detector. Said another way, 
graphs 300, 302, and 304 show an intensity distribution on the 
photo-detector plane for different values of normalized mem-
brane-grating separation. The observation length is in the 
The reflective diffraction grating 106 can be formed on a 
transparent substrate 108. The diffraction grating 106 can be 
formed of an array of diffraction grating fingers 110 equally 
spaced along a front edge of the transparent substrate 108. It 
should be noted that, as mentioned above, this diagram is not 
to scale, and is merely for illustrative purposes. For example, 
in reality, the diffraction grating fingers 110 would typically 
have a height on the order of micro- or nano-meters. 
35 lateral direction across the photo-detector, and centered at the 
0th order beam. Scenario 300 shows the normalized intensity 
306 with gap thickness of d=A./2. Scenario 302 shows the 
normalized intensity 306 with gap thickness of d=A/4. Sce-
nario 306 shows the normalized intensity 306 with gap thick-
40 ness of d=A./8. In the first scenario 100, when an incident light is illumi-
nated through the transparent substrate 108, a first portion of 
the incident light is reflected from the reflective diffraction 
grating 110. A second portion of the incident light is trans-
mitted through, and diffracted about, the diffraction grating 
fingers 110. The transmitted and diffracted light reflects off of 45 
the reflective target surface 102 and is measured by a proper 
detector (not shown), such as a photo-detector or a photo-
diode. Such a detector may measure the intensity of the light 
in the interference patterns created from the reflected and 
diffracted light. The detector may, for example, be positioned 50 
below the transparent substrate. 
Looking to scenario 100, the target surface is placed at a 
distance of A/2 or any integer multiple, thereof. In this case, 
the 0th orderof the transmitted incident light is reflected back. 
In general, the 0th order is the transmitted light that is illumi- 55 
nated directly, in which case no diffraction, or change in 
direction occurs. The first portion of the incident light, and the 
second portion of the incident light which has been reflected 
off of the target surface 102 interferes with each other. The 
phase of the two portions of the light waves form constructive 60 
and destructive interference patterns. From the interference 
patterns, the relative distance between the diffraction grating 
104 and the target surface 102 can be determined. 
Looking to scenario 200, the target surface 102 has been 
positioned a distance ofA./4 away from the diffraction grating 65 
106. In practice, the target surface 102 may be placed at any 
integer multiple ofA./4 and the same general results will occur. 
As expected, scenario 300 depicts the 0th order reflected 
beam with complete constructive interference. The higher 
order beams, e.g. the 1st and 3rd order beams, incur destruc-
tive interference, thereby canceling out their intensities. Sce-
nario 302 depicts that the 0th order has been completely 
cancelled out and the 1st and the 3rd orders of the reflected 
beam appear to have partial intensity. Scenario 304 shows that 
with a gap thickness of d=A/8, both the 0th order and the 1st 
order contain some light intensity. The figures collectively 
illustrate that the periodic nature of the intensity of the orders 
of the reflected light versus varying gap thickness. 
The intensity of these orders as a function of grating-
reflecting surface is depicted by the cos2 (2itd/A.) and sin2 
(2nd/A.) variation illustrated in FIG. 4. Specifically, FIG. 4 
depicts a graph 400 illustrating the normalized intensity 402 
(y-axis) of the 0th diffraction order 402 and the 1st diffraction 
order 404 versus the gap thickness 406 utilizing the device 
described in FIGS. 1and2. 
As depicted in FIG. 4, the 0th order curve 402 takes on a cos 
2(2itd/A.) shape. This is in line with the results depicted in 
FIG. 3. At gap thickness ofA./2, which is approximately 0.316 
µm, the intensity is greatest. At gap thickness ofA./4, which is 
approximately 0.158 µm, the intensity is zero. The 1st order 
curve 404 takes on a sin 2(2itd/A.) shape. The graph 400 of 
FIG. 4 clearly displays the periodic nature of the diffraction 
orders. As one can see, keeping all other variables constant 
and known, one can calculate the relative distance between 
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the reflective surface 102 and the diffraction grating 106 by 
measuring the intensity of the orders (e.g. the 1st order). By 
monitoring the intensity of the reflected orders, it is possible 
to achieve interferometric resolution on the order of lxl0-5 
Al)Hz. 
Depending on the periodicity of the grating and the gap 
between the grating and the reflector, the reflected light inten-
sity of the orders may have a strong dependence on the gap 
thickness with a relation different than the sinusoidal varia-
tion depicted in FIG. 4. The particular relation can be 10 
obtained from detailed vectorial calculations of the optical 
fields in that structure including the grating, cavity between 
the grating and the reflector, and the reflector. The anomalous 
diffraction effects in gratings with sub-wavelength periodic-
ity may be responsible for this intensity variations such as 15 
described in Carr D W, Sullivan J P, Friedmann TA, "Deform-
able Nanomechanical Zeroth-Order Gratings: Anomalous 
Diffraction Studied by Rigorous Coupled-Wave Analysis," 
OPTICS LETTERS 28 (18): 1636-1638 September 2003. 
Now that a general understanding of the concepts behind 20 
an optical sensor has been described, one embodiment of a 
low-power and/or low-noise sensor is described. It should be 
emphasized that the actual sensor structure can be imple-
mented in a variety of physical embodiments, and the 
embodiments described herein are merely for illustration. For 25 
example, the concepts behind the disclosed low-power and/or 
low-noise sensor can be applied to the structural embodi-
ments of the sensors described in U.S. Pat. No. 6,567,572 
entitled "Optical Displacement Sensor" to F. L. Degertekin, 
et al. and pending U.S. patent application Ser. No. 10/704,932 30 
to Degertekin, et al. 
8 
A coherent light source 516 can be positioned underneath 
the transparent substrate to provide an incident light 518. The 
reflected light (e.g. from the reflective surface of sensor mem-
brane 502 and grating 506) is diffracted into a 0th order 520 
(specular) and odd orders 522 for the ideal grating with 50% 
fill factor assumed here. As will be described below with 
respect to an embodiment described as a system-on-package 
(SOP), it should be understood that there is no requirement 
that light source 516 is positioned below wafer 510. Rather, 
light source 518 could be positioned above, on, or embedded 
within the wafer 510, for example. 
According to the present embodiment, a VCSEL is used as 
the light source 516. One exemplary VCSEL emits light hav-
ing an 850 nm wavelength through an 18 µm aperture. 
According to the present embodiment, the diffraction grating 
can include a 4 µm period, and the view plane of the detectors 
514 can be 1 mm behind (below, according to the orientation 
of FIG. 5) the transparent substrate 504. Using these light 
source, grating, and gap thickness parameters, three 300 
µmx300 µm photo-detectors 514 separated by 275 µm can be 
used to measure the intensity of the 0th and 1st diffraction 
orders (only two detectors 514 are depicted in the view of 
FIG. 5).Accordingto this embodiment, these photo-detectors 
514 can receive most (e.g. approximately 90%) of the source 
power for optical detection without the need for other optical 
components, assuming that other losses, such as reflections, 
are negligible. The low number of powered components can 
be advantageous for low-noise, low-power operation of the 
sensor 500. 
According to such an embodiment, the size of the micro-
machined acoustic sensor 500 can be reduced to approxi-
mately 2 mm, including the VCSEL and integrated photo-
detectors 514 (assuming 0.5 mm-thick substrate 504, 0.5 mm 
thick wafer 508, and a 1 mm-thick spacer 512). Such a con-
struction can be suitable for the construction of closely 
spaced micromachined acoustic sensors with matched char-
acteristics that can be particularly useful in precision acoustic 
instruments such as intensity probes and for realizing front-
However, for the purposes of illustration, FIG. 5 provides a 
side, cut-away view of one exemplary sensor structure 500 
that can be used to implement the low-power, low-noise char-
acteristics described herein. Sensor 500 generally includes a 35 
mechanical structure in the form of a surface micromachined 
reflective membrane 502. The reflective membrane 502 is 
suspended above a transparent substrate 504. A reflective 
diffraction grating 506 having grating fingers 508 is formed 
40 end sensors in the implementation of newly developed signal 
processing algorithms for small-scale microphone arrays and 
hearing aids. 
on the surface of substrate 504 and serves as the nonmoving 
reference. The diffraction grating may, for example, include a 
50% fill factor. 
As already described, the diffraction order intensities and 
can be expressed as a function of the gap thickness (depicted 
as distance "d") between the reflective membrane 502 and the 45 
diffraction grating 506. Accordingly, in some embodiments, 
it may be desirable for the gap thickness to be adjustable as 
described in U.S. patent application Ser. No. 10/704,932. 
That is, some embodiments may include a tunable diffraction 
grating and/or membrane that can be electrostatically actu- 50 
ated via an electrical bias in order to position the grating 
and/or membrane at an optimal distance from one another. 
The cavity formed between the reflective membrane 502 and 
the transparent substrate 504 could be substantially sealed, or 
could include a number of holes, allowing the pressure inside 55 
the cavity to be maintained substantially at the atmospheric 
pressure. 
The output of the one or more photo-detectors 514 can be 
placed in electrical communication with appropriate process-
ing circuitry 524. Processing circuitry 524 may be integrated 
within the sensor 500, fabricated on wafer 510, on a related 
printed circuit board, or completely external to the sensor 
500. Processing circuitry 524 may be any type of electrical 
component that can process the signals received by the photo-
detector 514. Likewise, hardware, software, and/or firmware 
may be utilized to properly make the appropriate calculations. 
For example, a personal computer, server, laptop, or other 
computing device may be configured to process the signals 
received from the photo-detector 514 to calculate the change 
in distance "d" as a function of time (e.g. thus also providing 
the value of the distance "d" at any given time). A digital 
signal processor (DSP) or an application specific integrated 
circuit (ASIC) may be utilized to perform such calculations. 
The processing circuitry 524 may also be capable of making 
According to one embodiment, the transparent substrate 
504 is elevated above a second substrate, here depicted as 
silicon wafer 510, by a spacer 512 (e.g. through conventional 
wafer bonding techniques or as otherwise described hereaf-
ter). Silicon wafer 510 may include one or more detectors 
(e.g. photo-detectors, photodiodes, etc.) for detecting the 
intensity of reflected and diffracted light. The photo-detectors 
may be arranged in an array. According to the present 
embodiment the detectors are represented as photo-detectors 
514. 
60 several other calculations and/or perform other functions, 
such as calibration, laser intensity normalization, analog to 
digital conversion, digital filtering, and signal conditioning, 
and electrical connections from the processing circuitry to the 
appropriate devices (e.g. light source, the electrical terminals 
65 of the membrane and/or diffraction grating, a voltage source 
for providing an electrical bias, etc.) for carrying out these 
functions is provided in such embodiments. 
US 7,485,847 B2 
9 
Additionally, a controller 526 can be provided for control-
ling the modulation of the light emission. For example, con-
troller 526 may control the power provided to light source 
516, or could provide the signals for mechanical modulation 
of the light detected by detector 514 (e.g. by controlling a 
physical opaque, reflective, and/or semi-transparent obstruc-
tion as briefly described above). According to the embodi-
ment of sensor 500, the controller 526 can be communica-
tively and/or electrically coupled to light source 516. An 
embodiment of controller 526 configured to modulate the 10 
power provided to light source 516 (i.e. causing light source 
516 to be a modulated light source) will be described in more 
detail below. 
10 
bottom of the spacer, which fit into the through-holes etched 
in corresponding positions in the wafer 510. 
Once the photo-detectors 514 are fabricated, the wafer 510 
can be assembled with the portion of the sensor including 
transparent substrate 504, membrane 502, and grating 506 to 
form the integrated sensor device. Specifically, the sensor 
structure built on the transparent substrate can then aligned 
and bonded with the wafer 510 using a surface-mount rework 
system and predefined alignment marks on both devices. 
Finally, the photo-detectors 514 can be wire bonded for signal 
readout to appropriate circuitry. For example, the photo-de-
tectors may supply detector output signals to processing cir-
cuitry 524 or other circuitry that may monitor, respond to, or 
otherwise process the signals generated by the photo-detec-
15 tors 514. 
Additionally, controller 526 may be in communication 
with processing circuitry 524 to receive instructions for con-
trolling the light emissions of light source 516 and/or to 
transmit information related to the control signals used to 
control light source 516 to the processing circuitry 524. This 
information transmitted between processing circuitry 524 
and controller 526 could, for example, represent the fre- 20 
quency (e.g. modulation frequency), duration, and/or duty 
cycle used (or to be used) by controller 526 to provide power 
to light source 516 from a power source (not depicted). A 
power source could be, for example, a battery or other DC 
and/or AC power source. 25 
The specific fabrication of the sensor 500 is outside the 
scope of the present disclosure. However, a number of steps 
are briefly discussed to assist in setting forth an understanding 
of the structure. The portion of sensor 500 generally compris- 30 
ing the membrane and the diffraction grating on the transpar-
ent substrate can be fabricated using semiconductor manu-
facturing techniques described in, for example, U.S. Pat. No. 
6,567,572 entitled "Optical Displacement Sensor" to F. L. 
Degertekin, et al. and pending U.S. patent application Ser. 35 
No. 10/704,932 to Degertekin, et al. The photo-detectors 514 
on wafer 510 can be fabricated using n-well CMOS technol-
ogy. For example, two different p-n-type photo-detector 
structures are designed to detect light emitted from a VCSEL; 
n-well/p-substrate and a vertical combination of p+-source 40 ( drain)/n-well and n-well/p-substrate. According to the 
present embodiment, these deep junctions are suitable for at 
least the reason that silicon has a small absorption coefficient 
of about 0.06 µm- 1 at a typical VCSEL wavelengthof850 nm. 
Through-wafer holes 528 can be etched into wafer 510 using 45 
a post-CMOS process to provide the optical interconnection 
between the light source 516 and the membrane 502 (and 
diffraction grating 506). Additionally, a number of holes may 
One advantage of the general configuration of sensor 500 is 
the capability of implementing a fully assembled system-on-
package (SOP) by bonding a laser diode, such as a VCSEL, on 
the wafer 510. This embodiment is depicted by light source 
516a, which provides incident light 518a. That is, instead of 
aligning the sensor 500 with an off-device light source 516, 
the sensor 500 includes a light source 516a attached to the 
silicon wafer 510. Additionally, although conventional 
VCSEL lasers are manufactured using GaAs semiconductor 
processing techniques, photo-detectors have also been manu-
factured using GaAs fabrication. Thus, according to some 
embodiments, the high-speed light source could be manufac-
tured on (e.g. embedded within) the same wafer substrate as 
the detectors. In either of these cases, it should be understood 
that through wafer holes 528 are not needed in these embodi-
ments. Additionally, in some embodiments, the incident light 
and reflected light can be coupled to the sensor through opti-
cal fibers. 
An SOP embodiment using continuous operation of the 
assembled laser diode can result in heat buildup inside sensor 
500. This heat dissipation can adversely affect the function-
ality of the sensor 500. Accordingly, for at least this reason, 
such an SOP configuration has not previously been thought to 
be desirable. 
Additionally, in certain applications, it is advantageous to 
provide a sensor having low-power usage (e.g. hearing-aid 
microphones). As one example, ifthe sensor 500 is used in a 
hearing-aid microphone, the sensor operates from a 1-2 V 
battery typically found in such devices. It is desirable that the 
sensor consume only about 100-200 µ W of average power. A 
typical VSCEL can operate above the lasing threshold using 
a 1.5 V voltage and a 2 mA current. However, this exemplary 
configuration uses 3 mW of average power, which is well be etched to provide a receptacle for each of the small posts or 
columns 530 formed in the bottom of spacer 512. 50 above the desired average power consumption. Accordingly, 
continuous operation of a light source, such as a VCSEL, can 
be prohibitive in certain applications. 
According to some embodiments, wafer 510 can be 
secured to a printed circuit board (PCB). Light source 516, 
such as the described VSCEL or light transmitted by optical 
fiber, may be affixed to the PCB and aligned with the through 
wafer hole 528 to allow the light to couple to the device from 55 
the backside of device 500. It should be understood that wafer 
510 may include multiple sets of detectors 514 and through 
holes 528 to be matched with an equal number of structures 
forming the transparent substrate 504, membrane 502, and 
grating 506 to form the integrated sensor device. Thus, large 
numbers of sensors 500 can be fabricated in a small area. 
Spacer 512, which can be manufactured using laser stere-
olithography, for example, can then mounted on top of the 
wafer 510 to space the wafer a distance from the substrate, 
thereby providing the view plane for detectors 514. The align-
ment of the spacer 512 with respect to the wafer 510 can be 
aided by the alignment of small columns or posts 530 in the 
However, it has been discovered that a modulated opera-
tion of the light source 516/516a can be implemented to 
alleviate these potential issues, among others. Specifically, 
according to one embodiment, a pulsed-mode operation can 
be used to provide such benefits. For example, a sensor 500 
including a pulsed 850-nm VCSEL as the light source can be 
controlled using a train of light pulses generated at a prede-
60 termined frequency and duration. For example, according to 
one embodiment, controller 526 can switch the VCSEL into 
its operational state (e.g. emitting light or "ON") at a fre-
quency of 10 kHz and with a 50% duty cycle (with respect to 
continuous operation). Although this embodiment refers to a 
65 VCSEL as the high-speed light source, any other high-speed 
laser diodes, such as those used in optical communication 
systems, could also be used in this pulsed operation. 
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It should be understood that the term "high speed," with 
respect to a pulsed light source, refers to the frequency at 
which the intensity of the light source can be modulated (e.g. 
turned on and off and/or otherwise varied between at least two 
desired intensities). For example, light sources continue to 
emit an amount of light even after being de-energized for a 
period of time. Likewise, after being energized, light sources 
require some period of time to actually emit a desired amount 
of light. Thus, high-speed light sources are those that can 
quickly emit a desired amount oflight after energizing and/or 
those that can quickly reduce their light emission under a 
desired amount after de-energizing the light source. Because 
the pulsing of the light provides a sampling of the continuous 
signal the "high speed" light source may be selected such that 
it is able to be pulsed at a high enough frequency, for example 
twice the Nyquist frequency, for the desired signal in order to 
avoid aliasing. Of course, the actual frequency of the pulsing 
will vary depending on a number of factors. 
FIGS. 6-8 generally depict a number of waveforms useful 
for visualizing the signals related to the described pulsed 
operation. FIG. 6, for example, depicts an exemplary light 
source drive signal 600, such as the signal provided by con-
troller 526 to light source 516 or 516a. The exemplary drive 
signal 600 provides 1.5 volts to the light source at a frequency 
of six pulses per unit of time. The units of time, for simplicity, 
are arbitrary for the purposes of this example. The pulses 
energize the light source for a duration represented by the 
width of each pulse 602. The pulsing frequency (i.e. the 
modulation frequency) and/or pulse duration can be program-
mable and could also be varied over time. 
FIG. 7 depicts a graph 700 depicting the movement of a 
membrane over the arbitrary period of time represented in 
FIG. 6. The wave 702 represents, for example, the distanced 
(FIG. 5) between the reflective surface of membrane 502 and 
diffraction grating 506. The wave is representative, for 
example, of a continuous-wave output of a photo-detector 
output in response to continuous supply of a light source. 
FIG. 8 depicts a graph 800 having a representation of the 
output of a photo-detector, subjected to light output from a 
light source driven by the pulsed light source drive signal 600 
of FIG. 6, over the same time period depicted in FIGS. 6-7. 
The resulting output signal can be thought of as a sampled 
version of what the continuous-wave output would be ifthe 
light source had been continuously powered to emit light 
during the entire duration of time. 
FIG. 9 depicts a graph 900 depicting yet another example 
of the signals measured at the output of an exemplary photo-
detector in a continuous wave mode 902 (e.g. similar to FIG. 
7) and in a second pulsed mode 904 (e.g. similar to FIG. 8) 
when the light source is optically coupled to the integrated 
acoustic sensor and the membrane 502 is electrostatically 
driven at 1 kHz. Although graph 900 depicts the photo-detec-
tor output in m V, it should be understood that some detectors 
provide such output as a current (i.e. photocurrent). Thus, the 
depicted output has been converted to the depicted voltages, 
representative of such current output, by appropriate cir-
cuitry. 
Although the pulsed mode 904 signal output generally 
depicts a duty cycle of approximately 50%, a desired power 
consumption can be achieved by adjusting the duty cycle. For 
example, adjusting the duty cycle downward to as low as 5% 
(or even lower) of continuous operation can be used. 
As mentioned previously, the pulse modulation frequency 
can also be selected based on design requirements. For 
example, the pulse modulation frequency can be configured 
to be a value twice the maximum frequency of the desired 
measurement signal to avoid aliasing problems. 
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The modulation of the light source can be beneficial in 
more ways than power consumption. For example, because 
the average power consumption is relatively small, the light 
source is not heated to as high of a temperature as encountered 
during continuous operation. Thus, thermal instability and 
thermal drift issues associated with lasers, such as VCSEL 
lasers, are mitigated. Additionally, any undesirable heat that 
could affect other features of the sensor is likewise mitigated 
(e.g. excessive heat could change the flexibility of the mem-
10 brane). 
Further, modulation of the light emission from the light 
source provides some inherent characteristics useful for fur-
ther reducing noise in the output signal, and these benefits are 
present independent of which method is used for providing 
15 the modulated light source (e.g. a modulated light source, 
mechanical obstruction, etc.). For example, the noise induced 
by photo detection and other sensing electronics is relatively 
low frequency (e.g. below 5-10 kHz), while the modulation 
frequency of the light emission can be relatively high. Effec-
20 tively, the frequency spectrum of the photo-detector output 
can become a sampled version of the sensor displacement 
signal. Thus, the frequency that the light emission is modu-
lated can be selected to be high enough to prevent aliasing. 
With the high-frequency sampling and pulsed modulation of 
25 the light source, replicas (i.e. harmonics) of the baseband 
displacement signal spectrum are generated at multiples of 
the modulation frequency at the photo-detector output. 
By way of example, if the membrane displacement is 
sampled at 200 kHz, the output signal of a detector includes 
30 signals centered around 0 (DC), 200 kHz, 400 kHz, etc. It 
should be understood that the replicas do not, of course, 
extend to infinity, but rather occur in an envelope shape deter-
mined by the duration and shape of the individual pulse that 
turns the light source on and off. The low frequency noise in 
35 the detection electronics remains concentrated in relatively 
low frequency ranges (e.g. below 10 kHz). Thus, the output 
signal of the detector can be processed to reduce the influence 
of the low frequency signal noise. 
Thus, it should be apparent that even sensors using light 
40 sources that are not controlled to provide the modulated (e.g. 
pulsed) light emission can still benefit from the described 
techniques. For example, the light source could provide a 
light emission having a constant (non-modulated) intensity, 
while an opaque, reflective, and/or semi-transparent obstruc-
45 ti on is controlled to intermittently obscure at least a portion of 
the emission of light at the modulation frequency. Accord-
ingly, a modulated light emission is created from the original 
non-modulated emission. Although such embodiments may 
not provide the described benefit of low-power operation, 
50 these embodiments can remain useful for reducing noise 
introduced in many optical sensors and/or detectors. Addi-
tionally, according to such an embodiment, the light source 
used does not require any particular "high speed" properties 
because the light source itself does not need to be modulated 
55 to provide the modulated light emission. Thus, the light 
source could be any coherent light source, such as an HeNe 
laser. 
One such intermittent obstruction could be provided by a 
spinning structure (e.g. wheel, etc.) having a number of open-
60 ings aligned with the light emitted by the light source, for 
example. As the wheel spins, the light is intermittently emit-
ted towards the photo-detector at a time when the laser and slit 
are aligned, thereby allowing light to pass through the open-
ing. The controller could, for example, control the frequency 
65 that the openings are aligned with the emitted light. 
Another exemplary intermittent obstruction suited for min-
iature sensors can include a digital micromirror device 
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(DMD), such as the DMD developed by Texas Instruments, 
Inc. of Dallas, Tex. For example, non-modulated light could 
be directed at one or more mirrors on such a DMD, and the 
one or more mirrors could be modulated at the modulation 
14 
of detector 514 is converted to a voltage signal and amplified 
with amplifier 1102. The output signal of amplifier 1102 is 
passed to envelope detector 1104, which can include a high-
pass filter 1202, an input for a DC bias 1204, diode 1206, and 
frequency to provide the modulated light emission. For 5 a low-pass filter (here represented as resistor-capacitor (RC) 
example, when a mirror is moved to a first position the non- filter 1206). It should be understood that, according to some 
modulated light can be directed towards a reflector and dif- embodiments, high-pass filter 1202 and/or the input for add-
fraction grating of the sensor, and when the mirror is moved ing the DC bias 1204 could be considered to be pre-process-
to a second position the light emission is directed away from ing circuitry that is separate from the envelope detection (here 
the reflector. 10 performed by diode 1206 and RC filter 1206). 
Thus, in the first position, a first intensity of light is Thus, the output of amplifier 1102 is passed through a 
reflected and diffracted towards the photo-detector, and at the high-pass filter 1202 to substantially remove the base-band 
second position, a second intensity of light (which could be replica of the signal and the majority of the low-frequency 
no light) is received at the detector. Of course, any number of noise. This leaves the remaining replicas of the signal, which 
other embodiments having intermittent mechanical obstruc- 15 include relatively little low-frequency noise. According to 
tions are possible and are outside the scope of this disclosure. one embodiment, the high-pass filter is configured to pass a 
Accordingly, attention is now directed to a number of portion of the amplified signal at a frequency higher than half 
potential embodiments of processing circuitry 524, which of the modulation frequency. Although some signal power is 
can be used to process and/or demodulate the signals that are lost by removing the baseband signal, the copy of the signal 
output by the detector 514. Although the processing circuitry 20 with lowest signal-to-noise ratio is sacrificed while keeping 
524 embodiments described herein may be depicted and the remaining replicas. 
described as circuit components, it should be understood that Since the DC bias is also removed, in order for the diode to 
the blocks could also represent functional modules of soft- conduct during the pulses, a DC bias (preferably from a low 
ware that can be used to process the signal having similar noise source), can be added to the signal output from the high 
functions. 25 pass filter 1202 to shift the average voltage the signal passed 
FIG. 10 depicts a first exemplary embodiment of the pro- through the high-pass filter. Here, such a DC bias is added at 
cessing circuitry 524 of FIG. 5, which can be generally DC bias input 1204. 
referred to as a coherent demodulator 1000. Here, the signal Once the DC bias has been added to the signal, the enve-
output from detector 514, which could be a photocurrent, can lope detection can be performed by diode 1206 and RC filter 
be converted to voltage by an amplifier 1002 (or other appro- 30 1208. Specifically, diode 1206 can be used detect the enve-
priate circuitry), which then amplifies the signal. A band-pass lope of the incoming signal from high pass filter 1202 that has 
filter 1004 may then filter the amplified signal, passing only been shifted by the DC bias. The output of diode 1206 is then 
the portion of the signal around the sampling frequency or a passed to a low pass filter, which is embodied here by a 
harmonic (i.e. multiple) of the pulsing frequency, here 200 resistor-capacitor (RC) filter 1208. As is known from AM 
kHz. Finally, coherent (e.g. synchronous) detection can be 35 demodulation techniques, the RC filter cutoff can be selected 
used to recover the original baseband signal. Specifically, the to be well below the sampling (pulsing) frequency of the light 
signal output from the bandpass filter may be mixed with a source and higher than the acoustic signal bandwidth. 
sinusoidal signal produced at the modulation frequency, or It should be understood that the above is merely one 
the harmonic frequency, of the light emission using mixer embodiment of a potential AM demodulator, and other AM 
1006. For example, here, a signal representing the modulation 40 demodulation schemes could be used, such as those incorpo-
frequency of the light source can be passed into mixer 1006. rating a DC bias shifter with the envelope detection. The 
The mixed signal can then be passed through a low pass filter important aspect is the realization that low-complexity AM 
1008 to produce the processed, low-noise output signal (e.g. demodulation circuitry can be used to provide a low-power 
with the effects of the low-frequency phenomena greatly demodulation alternative. For example, in comparison to the 
reduced). 45 coherent detector 1000, the simplicity of the AM demodulator 
FIG. 11 describes yet another potential embodiment of 1100 can provide lower power consumption for at least the 
processing circuitry 524, depicted here as AM demodulator reason that there is no need for a local oscillator or multiplier. 
1100. The principles of operation of AM demodulator 1100 Furthermore, the design of AM demodulator 1100 can be 
are based on the realization that the detector 514 output of a more effective in recovering maximum signal energy. For 
diffraction based optical sensor using the modulated light 50 example, coherent detection (by mixing the signal with a 
source becomes an amplitude-modulated pulse train. There- sinusoid and low pass filtering) uses only one of the replicas 
fore, the output of detector 514 is suitable for conventional of the signal in the frequency domain, while anAM demodu-
AM demodulation techniques based on envelope detection. lator using envelope detection uses much more of the avail-
Accordingly, the embodiment of FIG. 11 depicts a simple able power in the signal. Although an envelope detector based 
block diagram of one such embodiment of an AM demodu- 55 demodulator can introduce harmonic distortion due to the 
lator that could be used to process the output of detector 514. 
Here, amplifier 1102 amplifies the output signal from detector 
514. Amplifier 1102 (or other appropriate circuitry) may also 
convert the output signal of detector 514, which may be a 
current, into an appropriate voltage signal. The amplified 60 
signal can then be passed into an envelope detector 1104. The 
output of envelope detector 1104 can be configured to pro-
duce output signals within the desired measurement signal 
bandwidth. 
FIG. 12 describes one embodiment of a simple envelope 65 
detector circuit 1200 that could be used to implement the AM 
demodulator 1100 of FIG. 11. Specifically, the output signal 
nonlinear nature of the detection process, after the signal is 
digitized a number of conventional filtering and signal pro-
cessing techniques can be used to remedy at least a portion of 
such distortion. 
Looking now to FIG. 13, the low-power and/or low-noise 
operation can also be described as a process 1300 of operating 
an optical sensor. According to one embodiment, at block 
1302, the light emission produced by a light source in sensor 
500 can be modulated (e.g. via pulse or amplitude modula-
tion) at a specified frequency and/or duration. For example, 
controller 526 can cause power to be supplied to the light 
source (the ON state), thereby causing it to emit light for the 
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signal through a diode and low-pass filtering the resulting 
signal to detect the envelope of the incoming signal, thereby 
removing portions of the signal at (and above) the pulse 
frequency, while passing portions of the signal at the fre-
quency of the desired measurement signal. 
According to some embodiments of sensor 500, the ampli-
tude demodulation may not be needed. That is, the output 
signal from detector 514 can be amplified and directly 
sampled and digitized by processing circuitry 524. The digi-
duration of time. After the duration, the controller causes 
power to be removed for a second duration of time (the OFF 
state), which may be longer or shorter than the ON state 
duration. For low power operation, it is advantageous for the 
OFF state to be many times longer than the ON state, but this 5 
may not be necessary depending on the specific power con-
sumption and/or other characteristics of the light source. 
According to some embodiments, an intermittent mechanical 
obstruction (e.g. opaque, semi-transparent, reflective, etc.) 
can provide the modulated light emission. 10 tization timing can then be synchronized to the pulsing signal 
so that the sampling occurs at a desired instant or instants 
when the laser is powered. By obtaining several samples 
during each pulse, i.e. coherent multiple sampling, some of 
At block 1304 the intensity of the light reflected and dif-
fracted from a reflector and reflective grating of the sensor 
500 is detected and an output signal is provided representing 
the detected intensity. 
At block 1306 the output signal provided at block 1104 15 
may be processed or monitored. The monitoring and/or pro-
cessing may occur continuously, or may be intermittent. For 
example, intermittent monitoring may be used to monitor the 
output at a time when the light is emitted (during the ON state 
of the light source). During the OFF state of the light, circuitry 20 
used to perform the step of monitoring can be powered off for 
further power saving. The processing may include demodu-
lating the signal that is output from the detector. 
At block 1308, the distanced can be calculated based on the 
output signal from the detector. This output signal used by 25 
block 1208 to determine distanced could be, for example, the 
low-noise signal output from the processing at block 1308 or 
could be the signal captured directly from the detector. The 
distance can be repeatedly or continuously calculated. 
FIG.14 describes one embodiment of the signal processing 30 
that may be performed at block 1306 of process 1300 of FIG. 
13. Specifically, the process describes a coherent process 
the noise in the signal can be averaged out. 
Additionally, although the embodiments of FIGS. 9-15 
may specifically refer to demodulating a light that has been 
modulated by pulsing the light emission on and off, it should 
be understood that other light emission modulation tech-
niques may use an associated demodulation technique suited 
for that modulation scheme. For example, one modulation 
technique can include driving the light source with an elec-
trical signal such that the emitted light intensity is periodi-
cally modulated, without necessarily powering the light 
source on and off. According to such an embodiment, a con-
stant drive current can be applied to the light source (e.g. 
above the threshold value of a laser acting as the light source) 
and a sinusoidal modulation can be added at a carrier fre-
quency. Such operation also creates a replica of the desired 
baseband signal at the carrier frequency, which can then be 
demodulated after amplification to reduce the low frequency 
noise at the output. Several amplitude modulation and 
demodulation techniques are well known and can be found in 
textbooks. One such textbook is "Communication Systems 
2nd edition," by Simon Haykin, John Wiley and Sons, 1983, 
13 06a for demodulating signals from a detector used to detect 
modulated light emissions, such as those from a pulsed or 
amplitude modulated light source. 35 (e.g. See, among others, chapters 3 and 8), which is hereby 
incorporated by reference in its entirety. According to one embodiment, at block 1402, a received 
detector output signal is detected and/or amplified at block 
1402. Specifically, a received detector output signal may be 
converted from a current to a representative voltage signal, 
and then amplified. At block 1404 the amplified signal can be 40 
filtered to pass a portion of the signal representing a replica of 
the output signal. The replica could be a high frequency 
replica, such as the replica near the desired sampling fre-
quency. Blocks 1406 and 1408 generally comprise the pro-
cess of using coherent (synchronous) detection to recover the 45 
original baseband signal. Specifically, at block 1406 the fil-
tered signal output of block 1404 can be mixed with a sinu-
soidal signal produced at the modulation frequency of the 
light emission. At block 1408, the mixed signal can be passed 
through a low pass filter to produce a processed, low-noise 50 
output signal (e.g. with the effects of the low frequency noise 
phenomena greatly reduced). 
FIG. 15 describes another embodiment of the signal pro-
cessing that may be performed at block 1306 of process 1300 
of FIG. 13. Specifically, the process describes an AM 55 
demodulation process 1306b for demodulating signals from a 
detector of a pulsed light source. According to one embodi-
ment, at block 1502, a received signal is detected and/or 
amplified at block 1502. At block 1504 the amplified signal is 
filtered to remove the portion of the amplified signal near the 60 
frequency of the baseband signal. That is, at block 1502, the 
signal is high-pass filtered to substantially remove the base-
band replica of the signal along with the majority of the low 
frequency noise. At block 1506, envelope detection is applied 
to the output signal to produce a second signal at a frequency 65 
of the desired measurement signal (e.g. an audio signal, etc.). 
For example, the envelope detection may include passing the 
It should be emphasized that many variations and modifi-
cations may be made to the above-described embodiments. 
All such modifications and variations are intended to be 
included herein within the scope of this disclosure and pro-
tected by the following claims. 
Therefore, at least the following is claimed: 
1. A sensor comprising: 
a reflector positioned a distance from a reflective diffrac-
tion grating; 
a light source for providing light, a first portion of the light 
being reflected from the reflective diffraction grating 
and a second portion of the light passing through the 
grating to the reflector and being reflected back through 
the diffraction grating; 
at least a first detector configured to sense an intensity of 
light in an interference pattern formed by the first por-
tion of the light reflected from the diffraction grating and 
the second portion of the light reflected from the reflec-
tor and configured to generate an output signal represen-
tative of the intensity oflight in the interference pattern; 
and 
a controller configured to cause the light source to generate 
a sequence of discrete light pulses directed to the reflec-
tor. 
2. The device of claim 1, wherein the controller is config-
ured to cause the light source to generate a sequence of 
discrete light pulses by intermittently providing power to the 
light source. 
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3. The device of claim 1, further comprising: 
processing circuitry for calculating a distance between the 
reflective diffraction grating and the reflective surface as 
a function of intensity oflight in the interference pattern. 
4. The device of claim 1, wherein the controller is config-
ured to generate the sequence of discrete light pulses at a 
predetermined number of pulses per unit time. 
5. The device of claim 4, wherein the number of pulses per 
unit time corresponds to a frequency that is at least twice the 
maximum frequency of a desired measurement signal. 10 
6. The device of claim 4, further comprising: a demodula-
tor configured to generate an electrical signal that corre-
sponds to a continuous representation of the intensity oflight 
in the interference pattern. 
7. The device of claim 6, wherein the demodulator com- 15 
prises a coherent detector comprising: 
a band-pass filter for passing a portion of the output signal 
near the modulation frequency; and 
a mixer configured to receive the portion of the output 
signal near the modulation frequency and a periodic 20 
signal at the modulation frequency or a harmonic of the 
modulation frequency to output a processed signal. 
8. The device of claim 6, wherein the demodulator com-
prises an envelope detector. 
18 
9. The device of claim 6, wherein the demodulator com-
prises: 
a high-pass filter for passing a portion of the output signal 
at a frequency higher than half of the modulation fre-
quency; 
an input for receiving a voltage bias to shift the average 
voltage of the signal passed through the high-pass filter 
to produce a shifted signal; and an envelope detector for 
receiving the shifted signal and producing a processed 
signal. 
10. A method comprising: 
directing a sequence of discrete light pulses to a sensor that 
includes a reflective surface and a diffraction grating 
spaced apart from the reflective surface; 
sensing an intensity of a sequence of diffraction pulses 
wherein each of the diffraction pulses is representative 
of a distance between the reflective surface and the dif-
fraction grating and generating a discrete signal repre-
sentative thereof; and 
generating a continuous signal representative of the dis-
tance between the reflective surface and the diffraction 
grating over time by filtering the discrete signal. 
* * * * * 
